Manifestations of the rotation and gravity of the Earth in high-energy
  physics experiments by Obukhov, Yuri N. et al.
ar
X
iv
:1
60
8.
03
80
8v
1 
 [g
r-q
c] 
 11
 A
ug
 20
16
Manifestations of the rotation and gravity of the Earth in high-energy physics
experiments
Yuri N. Obukhov∗
Theoretical Physics Laboratory, Nuclear Safety Institute,
Russian Academy of Sciences, B.Tulskaya 52, 115191 Moscow, Russia
Alexander J. Silenko†
Research Institute for Nuclear Problems, Belarusian State University, Bobruiskaya 11, Minsk 220030, Belarus
Bogoliubov Laboratory of Theoretical Physics, Joint Institute for Nuclear Research, 141980 Dubna, Russia
Oleg V. Teryaev‡
Bogoliubov Laboratory of Theoretical Physics, Joint Institute for Nuclear Research, 141980 Dubna, Russia
National Research Nuclear University “MEPhI” (Moscow Engineering
Physics Institute), Kashirskoe Shosse 31, 115409 Moscow, Russia
(Dated: March 22, 2018)
The inertial (due to rotation) and the gravitational fields of the Earth affect the motion of an
elementary particle and its spin dynamics. This influence is not negligible and should be taken
into account in high-energy physics experiments. Earth’s influence is manifest in perturbations in
the particle motion, in an additional precession of the spin, and in a change of the constitutive
tensor of the Maxwell electrodynamics. Bigger corrections are oscillatory and their contributions
average to zero. Other corrections due to the inhomogeneity of the inertial field are not oscillatory
but they are very small and may be important only for the storage ring electric dipole moment
experiments. Earth’s gravity causes the Newton-like force, the reaction force provided by a focusing
system, and additional torques acting on the spin. However, there are no observable indications of
the electromagnetic effects due to Earth’s gravity.
PACS numbers: 04.62.+v; 04.20.Cv; 03.65.Sq
I. INTRODUCTION
The high precision of modern experiments makes it
necessary to take into account the physical effects due
to the Earth’s rotation and gravity. The high-energy ex-
periments are performed in a non-Minkowskian space-
time. The off-diagonal components of the metric, g0a =
−(ω × r)a/c, depend on the angular velocity of the
Earth’s rotation ω = 7.27× 10−5 rad/s, with the average
radius vector to a given point on the surface of the Earth
R⊕ = 6378 km. These metric components are of order
of 10−6 and thus the influence of the Earth’s rotation
cannot be a priori neglected. We also have to take into
account the spin precession in the rotating frame and the
change of the constitutive tensor of the Maxwell electro-
dynamics due to the non-Minkowskian spacetime metric.
The latter effect is very small, however, the spin motion
in the inertial and gravitational fields of the Earth and
the influence of the Coriolis, centrifugal, and Newton-
like forces on particle’s dynamics should be carefully an-
alyzed.
New results obtained in the present work relate to
quantum mechanics of a Dirac particle in inertial and
electromagnetic fields. We use also the classical approach
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and pay great attention to a description of spin effects.
We perform an analysis of importance of the rotation
and gravity of the Earth for contemporary high-energy-
physics experiments.
We study the manifestations of the Earth’s rotation
and gravity in the framework of the relativistic Dirac
theory. We demonstrate that, as expected, Earth’s rota-
tion gives rise to the Coriolis and centrifugal forces in the
laboratory frame. It is also manifested in the additional
precession of the spin, as well as in the change of the con-
stitutive tensor of the Maxwell electrodynamics. The lat-
ter is encoded in the Riemannian spacetime metric that
replaces the flat Minkowski metric. We show that the
change of the constitutive tensor of the Maxwell electro-
dynamics due to the Earth’s gravity does not strongly
affect particle’s dynamics. We analyze the correspond-
ing effects in details. A well-known manifestation of the
Earth’s rotation is the Sagnac effect [1]. The electric and
magnetic fields acting on the spin in the rotating frame of
the Earth coincide with the corresponding fields observed
in the inertial (Minkowski) frame comoving an observer
carrying the appropriate Schwinger tetrad. The effective
electric and magnetic fields defining momentum dynam-
ics and spin motion differ. However, one can see that
the larger part of the difference between usual forces and
torques in a Minkowski spacetime and the actual forces
and torques in Earth’s rotating frame vanishes on the av-
erage in accelerators and storage rings due to the beam
rotation.
2Our basic notations and conventions are consistent
with the earlier papers [2–6]. In particular, the world
coordinate indices in four dimensions are labeled by the
Latin letters i, j, k · · · = 0, 1, 2, 3, whereas we reserve the
Greek letters µ, ν, · · · = 0, 1, 2, 3, for the tetrad indices.
The Latin letters from the beginning of the alphabet
a, b, c, · · · = 1, 2, 3 denote 3-space world indices. For sep-
arate components, we put the hat over anholonomic in-
dices to distinguish them from the holonomic ones. We
work with the metric signature (+,−,−,−), and the to-
tally antisymmetric Levi-Civita tensor ηijkl has the only
nontrivial component η0123 =
√
− det gij . We use the
system of units with ~ = 1, c = 1, although these con-
stants are explicitly displayed in some formulas.
II. ELECTROMAGNETIC INTERACTIONS OF
A DIRAC PARTICLE IN A ROTATING FRAME
While the classical electrodynamics in curved space-
times is well understood (see, e.g., Ref. [7]), the quantum
mechanics of a Dirac particle in curved spacetime is still
a developing subject, see e.g. [8–12]. The relativistic
quantum-mechanical framework provides the most ap-
propriate description of the dynamics of a spin-
1
2
par-
ticle on an arbitrary spacetime manifold. The perfect
agreement of the relativistic quantum mechanics and the
classical theory of a spinning particle in arbitrary grav-
itational and inertial fields has been demonstrated in
Ref. [4].
The covariant Dirac equation reads as follows (see Ref.
[3] and references therein)
(i~γαDα −mc)Ψ = 0, α = 0, 1, 2, 3, (1)
where Dα is the spinor covariant derivative:
Dα = e
i
αDi, Di = ∂i −
iq
~
Ai +
i
4
σαβΓi αβ . (2)
This covariant derivative describes the minimal cou-
pling of a fermion particle with the external classical
fields. The list of the latter includes the electromag-
netic 4-potential Ai (interacting with the electric charge
q of a fermion), and the gravitational field potentials
(eαi ,Γi
αβ). The coframe (or tetrad) eαi introduces a lo-
cal Lorentz reference system and is related to the space-
time metric via gij = e
α
i e
β
j gαβ, with the Minkowski
metric gαβ = diag(c
2,−1,−1,−1). The Lorentz con-
nection Γi
αβ = −Γi
βα determines parallel transport;
σαβ =
i
2
(
γαγβ − γβγα
)
are the generators of the lo-
cal Lorentz transformations of the spinor field. The flat
Dirac matrices γα are defined in the local Lorentz frames
and they have the standard Bjorken-Drell form. Equa-
tion (1) describes a Dirac fermion particle minimally cou-
pled to the gravitational (inertial) and the electromag-
netic fields.
In Ref. [3], we have derived an exact Hermitian Hamil-
tonian in the Dirac representation corresponding to Eq.
(1). In order to give a more detailed description of elec-
tromagnetic interactions of a Dirac particle, we should
take into account the possible anomalous dipole moments
of the particle. Accordingly, we turn to the nonminimal
coupling generalization [5, 13] of the Dirac equation, in-
troducing the anomalous magnetic moment (AMM) µ′
and the electric dipole moment (EDM) δ′:(
i~γαDα −mc+
µ′
2c
σαβFαβ +
δ′
2
σαβF ∗αβ
)
Ψ = 0. (3)
The tetrad indices of the Dirac matrices reflect the defini-
tion of the three-component physical spin (pseudo)vector
in the local Lorentz rest frame of a particle. In the limit
of the Minkowski spacetime, Eq. (3) coincides with the
Dirac-Pauli equation for a particle with the AMM and
EDM (see Ref. [14]). The electromagnetic field tensors
are defined as Fαβ = e
i
αe
j
βFij and F
∗
αβ = e
i
αe
j
βF
∗
ij , where
Fij = ∂iAj − ∂jAi is the electromagnetic field strength
tensor and its dual is F ∗ij =
1
2
ηijklF
kl.
The metric of a general spacetime reads
ds2 = V 2c2dt2−δ
aˆbˆ
W aˆcW
bˆ
d(dx
c−Kccdt)(dxd−Kdcdt),
(4)
where a, b, c, · · · = 1, 2, 3, and V,Ka,W aˆb are arbitrary
functions of time t and space xa.
For the rotating reference system, V = 1, W aˆc = δ
aˆ
c ,
and K = −ω × r/c. Choosing the Schwinger gauge for
the tetrad (see Refs. [2, 3, 15] and references therein),
e0ˆi = δ
0ˆ
i , e
aˆ
i = δ
aˆ
i − cK
aˆδ0ˆi , (5)
we find explicitly for the anholonomic components of
the Maxwell tensor Fαβ , E = {F1̂0̂, F2̂0̂, F3̂0̂} and B =
{F2̂3̂, F3̂1̂, F1̂2̂}:
E = E − (ω × r)×B, B = B, (6)
The holonomic components Fij = ∂iAj − ∂jAi are de-
noted E = {F10, F20, F30} and B = {F23, F31, F12}.
They have the standard form:
E = −∇Φ−
∂A
∂t
, B = ∇×A, (7)
with A0 = −Φ, and A = {A1, A2, A3}. The quantities E
and B are the effective fields in the rotating frame. The
anholonomic components of the dual tensor are F ∗â0̂ =
B
a/c and F ∗âb̂ = ǫâb̂ĉEc/c. The tensors Fαβ , F
∗
αβ and
the effective fields E, B are defined with respect to the
local Lorentz Schwinger frame (5).
The Dirac Hamiltonian found in Ref. [4] does not con-
tain additional terms characterizing the AMM and EDM.
In the case under consideration, the inclusion of these
dipole terms leads to the generalized Dirac Hamiltonian:
H = βmc2 + qΦ+ cα · pi − ω · (r × pi)−
~
2
ω ·Σ
−Π ·M− iγ ·P, (8)
3where we defined two objects with the dimension of the
energy by
M = µ′B+ δ′E, P = cδ′B− µ′E/c, (9)
and pi = −i~∇− qA is the kinetic momentum operator.
Now we perform the unitary transformation from the
Dirac picture to the Foldy-Wouthuysen (FW) represen-
tation [16] using the method developed in Refs. [17, 18].
The FW picture holds a special place in the relativistic
quantum mechanics due to some unique properties. In
this representation, the quantum mechanical operators
for relativistic particles in an external field have the same
form as in the nonrelativistic quantum theory. In partic-
ular, the position operator [19] and momentum operator
are r and p = −i~∇, respectively, and the polarization
operator for spin-1/2 particles is described by the Dirac
matrix Π = βΣ. In other representations, these oper-
ators are expressed by much more complicate formulas
(see Refs. [16, 20]). The relations between the operators
in the FW representation are analogous to the relations
between the corresponding classical quantities, and the
simple form of the operators corresponding to the clas-
sical observables is a great advantage of this representa-
tion. The above-mentioned properties of the FW repre-
sentation make it useful for the description of a transition
to the semiclassical approximation and to the classical
limit of the relativistic quantum mechanics [16, 21]. It
is worthwhile to note that the Hamiltonian and all other
operators are diagonal in 2-spinors (block-diagonal) in
this representation.
In the FW representation, the transition to the clas-
sical limit is usually accomplished by replacing the op-
erators in expressions for the Hamiltonian and in opera-
tor equations of motion with the corresponding classical
quantities. The possibility of such a replacement, explic-
itly or implicitly used in practically all works devoted
to the relativistic FW transformation, was recently rig-
orously proven in Ref. [22]. This essentially simplifies
the interpretation of the basic quantum mechanical equa-
tions, especially in the relativistic case.
We can recast the Hamiltonian (8) into the form
H = βmc2+E+O, βE = Eβ, βO = −Oβ, (10)
where E and O are even and odd operators (diagonal and
off-diagonal in 2-spinors), respectively.
The resulting transformed Hamiltonian in the FW rep-
resentation is exact for terms proportional to the zeroth
and first powers of the Planck constant and also for terms
proportional to ~2 and describing contact interactions. It
is given by [17, 18, 23]
HFW = βǫ + E −
1
8
{
1
ǫ(ǫ+mc2)
, [O, [O,F ]]
}
,
F = E − i
∂
∂t
, ǫ =
√
m2c4 +O2.
(11)
The square brackets [ , ] and the curly brackets { , }
denote the commutators and anti-commutators, respec-
tively. In the case under consideration, it is convenient
to present the FW Hamiltonian in the form [5]
HFW = H
(D)
FW +H
(add)
FW , (12)
H
(D)
FW = βǫ
′ + qΦ− ω · (r × pi)−
~
2
ω ·Σ−
q~c2
4
{
1
ǫ′
,Π ·B
}
+
q~c2
8
{
1
ǫ′(ǫ′ +mc2)
,
[
Σ · (pi ×E−E× pi)− ~∇ ·E
]}
, (13)
H
(add)
FW = −
c
4
{
1
ǫ′
,
[
Σ · (pi ×P −P × pi)− ~∇ ·P
]}
−Π ·M
+
c2
4
{
1
ǫ′(ǫ′ +mc2)
,
[
(Π · pi)(pi ·M) + (M · pi)(Π · pi)
+ β
~
2
(pi ·J +J ·pi)− β
~
2c
{(
[ω × r] ·∇
)
, (pi ·P)
}]}
, (14)
where ǫ′ =
√
m2c4 + pi2c2 and J =∇×M+
∂P
c∂t
.
The operator H
(D)
FW arises from the transformation of
the Hamiltonian that corresponds to the Eq. (1), and
the operator H
(add)
FW contains the terms, proportional to
the AMM and EDM. In the last term of Eq. (14), the
nabla operator acts on P and defines the derivatives of
this quantity.
It is important that Eqs. (12)-(14) are exact in the
above-mentioned sense that the terms proportional to the
zeroth, first, and second powers of ~ are exact. Notice
that µ′, δ′,P, andM are proportional to ~.
In the special case of a nonrelativistic Dirac particle
without the AMM and EDM, the Hamiltonian (14) has
4been obtained in Refs. [8–10]. It is compatible with
the Hamiltonian for a relativistic Dirac particle with
the AMM and EDM which has been derived in Refs.
[14, 17] in the framework of quantum electrodynamics.
The Hamiltonian for a relativistic spin-1 particle with
the AMM and EDM in electromagnetic fields derived in
Ref. [24] has a similar form.
If we neglect an influence of the spin on the particle
motion, the world velocity operator is given by [25]
v ≡
dr
dt
=
i
~
[HFW , r] = c
2β
pi
ǫ′
− ω × r. (15)
The classical limit is derived by a replacement of the
operators with the corresponding classical quantities [22].
III. DYNAMICS OF A RELATIVISTIC
PARTICLE IN EXTERNAL FIELDS
The discussion of the (classical and quantum) dynam-
ics of a particle with spin under the action of the exter-
nal electromagnetic, inertial and gravitational fields has
a long (see, for example, [26–35]) and quite contradictory
(different authors often arrived at incompatible conclu-
sions) history. In order to clarify the issue and to analyse
the possible effects of the external fields in the high en-
ergy physics, we present here a consistent framework for
the investigation of particle’s dynamics in the physical
conditions on the Earth.
Let us summarize what we know about these physical
conditions: the Earth is rotating with the angular veloc-
ity (taking the duration of a sidereal day T⊕ = 23 hours
56 minutes 4.1 seconds = 86164.1 s)
ω⊕ =
2π
T⊕
= 7.29× 10−5s−1, (16)
and the Earth is heavy, with the mass M⊕ = 5.97 ×
1024 kg. Despite such a mass, on the surface of Earth,
that has an average radius R⊕ = 6.378×10
6m, the grav-
itational field is quite weak: the corresponding value of
gravitational potential is
GM⊕
c2R⊕
= 6.95× 10−10. (17)
Here G is Newton’s gravitational constant and c is the
speed of light. Note the difference between the sidereal
day and the solar one (T = 24 hours).
We now need to choose the appropriate spacetime ge-
ometry, which correctly describes the terrestrial inertia
and gravity, in order to study the relativistic particle
dynamics on the Earth. Taking into account the weak-
ness of the gravitational created by a rotating source,
we choose the parameters of the spacetime metric (4) as
W aˆc =Wδ
aˆ
c , and
V = 1−
GM
c2r
, (18)
W = 1 +
GM
c2r
, (19)
K = −
ω × r
c
. (20)
Here M =M⊕, and
ω = ω −
2G
c2r3
J . (21)
On the right-hand side, the first term accounts for the ro-
tation of the Earth: ω = (0, 0, ω⊕), when we (convention-
ally) choose the rotation axis along the third coordinate.
The second term in (21) is determined by the total angu-
lar momentum J = (0, 0, J⊕) of the source. In Einstein’s
general relativity, the metric (4) with (18)-(21) describes
the Lense-Thirring geometry of a weak gravitational field
created by a massive rotating compact object.
Let us compare the two terms in (21) for the terrestrial
conditions. We estimate the angular momentum of the
Earth as J⊕ = I⊕ω⊕ =
2M⊕R
2
⊕
5
ω⊕ = 7.08× 10
33kgm
2
s
,
which is consistent with the value that is usually found in
the literature [36]. As a result, in a terrestrial laboratory,
we have
2G
c2R3⊕
J⊕ = 4.05× 10
−14 s−1. (22)
As we see, the second term in (21) is nine orders smaller
than the first one, cf. Eqs. (16) and (22). This explains
why do we need the constant ω in Eq. (21): the Lense-
Thirring (second term) contribution cannot describe the
correct value of the inertial (Coriolis and centrifugal)
forces in Earth’s labs, as it was noticed already in [27],
for example.
With an account of such a huge domination of the
first term over the second one, for all practical purposes
it is sufficient to put ω = ω, which from now on we
assume in our subsequent computations. Accordingly,
the Lense-Thirring geometry is actually reduced to the
Schwarzschild metric in rotating coordinates. More pre-
cisely, Eqs. (18)-(20) describe the weak field approxima-
tion of the isotropic form of the Schwarzschild metric,
with an account for the rotation of the terrestrial labo-
ratory system.
After these preliminaries, we are in a position to study
the particle dynamics. The motion of a relativistic test
particle with mass m and charge e in the gravitational
and electromagnetic fields is described by the generally
covariant equation
Dui
dτ
=
dui
dτ
+ Γkj
i ukuj = −
e
m
gijFjku
k. (23)
The trajectory of a test particle xi(τ) is parametrized by
the proper time τ , and the 4-velocity vector ui =
dxi
dτ
is
5normalized by the condition giju
iuj = c2. The 3-velocity
v = {va} is defined as usual by va =
dxa
dt
=
ua
u0
.
For the metric of the Earth, (4) and (18)-(20), we find
the connection
Γ00
0 = 0, Γ0a
0 = −
ga
c2
, Γab
0 = 0, (24)
Γ00
a = − ga + [ω × (ω × r)]a, (25)
Γ0b
a = δaeǫecb ω
c, (26)
Γbc
a =
1
c2
(δab gc + δ
a
c gb − δbcg
a) . (27)
These formulas are derived, as it was assumed from the
very beginning, in the weak field approximation, where
we consistently neglect the corrections proportional to
(17). Here Newton’s acceleration vector is as usual
g = −
GM
r3
r. (28)
Substituting (24)-(27), and recalling the definition of
the electric and magnetic fields (7), the equations of mo-
tion (23) read, in components:
du0
dτ
= (u0)2 2
g · v
c2
+ u0
e
mc2
(E + v ×B) · (v + ω × r) , (29)
d(u0v)
dτ
= (u0)2
{(
1 +
v2
c2
)
g − 2v
g · v
c2
}
− (u0)2 {ω × (ω × r) + 2ω × v}
+ u0
e
m
[
E + v ×B
−
ω × r
c2
(E + v ×B) · (v + ω × r)
]
.(30)
Using (29) in (30), we finally derive, after going from the
proper time to the coordinate one with
1
u0
d
dτ
=
d
dt
,
dv
dt
=
(
1 +
v2
c2
)
g − 4v
g · v
c2
−ω × (ω × r)− 2ω × v
+
e
mu0
[
E + v ×B
−
v + ω × r
c2
(E + v ×B) · (v + ω × r)
]
.(31)
In the non-relativistic limit (for slow moving particle,
with
v2
c2
≪ 1), we obviously obtain the correct struc-
ture of the total force as a sum of Newton’s gravita-
tional force g, the inertial centrifugal and Coriolis forces
−ω×(ω×r)−2ω×v, and the Lorentz force
e
m
(E+v×B).
The above discussion concerns spinless particles. In
order to include the spin effects, we need to consider the
dynamics with respect to the anholonomic local Lorentz
frame. For the metric (4) and (18)-(20), we choose the
Schwinger tetrad
e0ˆi = V δ
0ˆ
i , e
aˆ
i =W (δ
aˆ
i − cK
aˆδ0ˆi ). (32)
The anholonomic components of the 4-velocity uα = eαi u
i
then read
u0̂ = V u0, uâ =Wu0(va − cKa), (33)
and hence for the 3-velocity we find
v̂ =
uâ
u0̂
=
W
V
(v + ω × r). (34)
The anholonomic components of the Maxwell tensor
Fαβ = e
i
αe
j
βFij are related to the holonomic components:
E =
1
VW
{E − (ω × r)×B}, B =
1
W 2
B. (35)
For the Earth, in view of (17) the gravitational correc-
tions are extremely small, hence with very good accuracy
we have V = W = 1. Then (32) and (35) reduce to (5)
and (6), respectively, thus recovering the rotating frame
case with the inertial effects only. The relation (34) be-
tween the anholonomic and holonomic 3-velocity is then
simplified to v̂ = v + ω × r.
The equations of motion in the Lorentz frame look for-
mally similar to (23):
duα
dτ
+ Γγβ
α uγuβ = −
e
m
gαβFβγu
γ . (36)
However now we have to use the Minkowski metric
gαβ = eαi e
β
j g
ij = diag(
1
c2
,−1,−1,−1) here, and the com-
ponents of the local Lorentz connection read
Γ0̂â
0̂ = −
ga
c2
, Γ0̂0̂
â = − ga, (37)
Γ0̂b̂
â = − δadǫdbcω
c, (38)
Γ
ĉb̂
â =
1
c2
(gbδ
a
c − g
aδbc). (39)
These expressions are also approximate, because for the
Earth we have (17), so that we put V = 1 and W = 1 in
the final formulas.
As a result, we obtain the equations of motion (36) in
components
dγ
dτ
=
γ2
c2
g · v̂ +
e
mc2
γE · v̂, (40)
d(γv̂)
dτ
= γ2
{(
1 +
v̂2
c2
)
g − v̂
g · v̂
c2
− ω × v̂
}
+
e
m
γ (E+ v̂ ×B) . (41)
Here we denoted γ = u0̂. From the normalization of the
4-velocity we can identify this with the Lorentz factor:
γ = 1/
√
1− v̂2/c2. Using (40) in (41), and switching
from the proper time to the coordinate time:
dv̂
dt
=
(
1 +
v̂2
c2
)
g − 2v̂
g · v̂
c2
− ω × v̂
+
e
mγ
(
E+ v̂ ×B−
v̂
c2
E · v̂
)
. (42)
6It is important to notice that the equations of motion
(29)-(31) and (40)-(42) are completely equivalent. They
describe the dynamics of the relativistic charged particle
in the electromagnetic and gravitational fields with re-
spect to the different reference frames. But provided we
use the relations between the velocities v̂ = v + ω × r
and the electric and magnetic fields (6), it is straight-
forward to explicitly recast (29)-(31) into (40)-(42) or
the other way round. It is worthwhile to mention that
E + v ×B = E+ v̂ ×B.
There exists yet another description of the test parti-
cles: the Hamiltonian approach. The general Hamilto-
nian function for an arbitrary spacetime geometry was
obtained in [4]. For the metric of the Earth, (4) and
(18)-(20), the Hamiltonian reads
H(p, r) = V
√
m2c4 + c2π2/W 2 + cK · pi + eΦ. (43)
Here the generalized momentum is pi = p − eA, with
π2 = δabπ
aπb.
It is straightforward to derive the canonical equations
dr
dt
=
∂H
∂p
,
dp
dt
= −
∂H
∂r
. (44)
The first equation yields a relation between the momen-
tum and velocity:
pi = Wmv̂γ. (45)
Remarkably, it turns out that the momentum is directed
along the anholonomic velocity (34), and not along the
coordinate velocity. The second Hamilton equation (44)
defines the force F = dp/dt and describes the dynamics
of the momentum:
dpi
dt
= −ω × pi +mgγ
(
1 +
v̂2
c2
)
+ e(E + v ×B), (46)
Using (45) in (46), we recover the equation of motion
(41). This proves the equivalence of the Hamiltonian
approach with both the holonomic and anholonomic de-
scriptions of particle’s dynamics.
The importance of the Hamiltonian picture is based
on the fact that the analysis of the quantum dynamics of
the Dirac fermion, which we discussed in Sec. II, leads to
the Foldy-Wouthuysen quantum Hamiltonian (its spin-
free part) which in the semiclassical limit coincides with
the classical Hamiltonian (43). Therefore, the study of
the quantum dynamics of the spin
1
2
in external classical
fields for the Earth yields exactly the same results by
replacing the quantum operators with the corresponding
classical variables.
IV. SPIN DYNAMICS IN EXTERNAL FIELDS
Motion of a charged test particle with spin and dipole
moments in the gravitational and electromagnetic fields
is described by the equations for the 4-velocity uα and
the vector of spin Sα. The corresponding system consists
of the equation (36) for the velocity, and the equation for
the spin:
dSα
dτ
+ Γγβ
α uγSβ = −
e
m
gαβFβγS
γ
−
2
~
[
Mαβ +
1
ca
(Mβγu
αuγ −Mαγuβuγ)
]
Sβ . (47)
The spin is affected by an additional force proportional
to the generalized polarization tensor
Mαβ = µ
′ Fαβ + cδ
′ F ∗αβ . (48)
The anomalous magnetic moment can be written as
µ′ =
e(g − 2)~
4m
=
g − 2
2
µB. (49)
where g is the gyromagnetic factor and µB is Bohr’s
magneton. The dual electromagnetic tensor F ∗αβ =
1
2
ηαβµνF
µν couples to the electric dipole moment δ′ with
the dimension of the charge times length, [δ′] = [eℓ]. Sim-
ilarly to the magneton, one can introduce a convenient
unit of an electric dipole moment. A reasonable defini-
tion is the electron charge times the electron Compton
length: δB = e
~
mc
. Then (49) can be extended to both
types of the dipole moments:
µ′ = a
e~
2m
, δ′ = b
e~
2mc
, (50)
The dimensionless constant parameters a = (g−2)/2 and
b characterize the magnitude of the anomalous magnetic
and electric dipole moments, respectively.
In components, the generalized polarization tensor (48)
reads
M0̂â = cPa, Mâb̂ = ǫabcM
c, (51)
where P andM are defined in (9).
Note that the complete set of equations of motion (36)
and (47) are written with respect to the anholonomic
frame.
Let us now specialize to the physical conditions of the
Earth. The gravitational and inertial effects are taken
into account in the Lorentz connection coefficients (37)-
(39). The resulting system (36) and (47) then reads, in
components:
dγ
dτ
=
e
mc2
γEeff · v̂, (52)
d(γv̂)
dτ
=
e
m
γ (Eeff + v̂ ×Beff) , (53)
dS 0̂
dτ
= S ·
{
e
mc2
Eeff −
2γ2
c2~
v̂ ×∆
}
, (54)
dS
dτ
= S 0̂
{
e
m
Eeff −
2γ2
~
v̂ ×∆
}
+S ×
{
e
m
Beff +
2γ2
~
(
∆− v̂
∆ · v̂
c2
)}
.(55)
7Here, as before, uα = {γ, γv̂}, and we have for the
spin components Sα = {S 0̂,S}. The first two equations
(52) and (53) are equivalent to the equations of motion
(40) and (41), where we introduced the effective objects
which compactly combine the electromagnetic, inertial
and gravitational fields acting on the test particle:
Eeff = E+
γm
e
g, (56)
Beff = B+
γm
e
(
ω +
g × v̂
c2
)
. (57)
The effects of the magnetic and electric dipole moments
are encoded in another effective object
∆ :=M+
1
c
v̂ ×P. (58)
The physical components of spin are not Sα, but the
“internal angular momentum” which is determined with
respect to the rest frame of a particle. We denote this
physical spin by sα. The transition to the rest frame
is realized with the help of the Lorentz transformation
uα = Λαβ
◦
uβ where
Λαβ =
(
γ γv̂b/c
2
γv̂a δab + (γ − 1)v̂
av̂b/v̂
2
)
. (59)
One can check that this transformation yields
◦
uα =
{1,0}, i.e., the particle is indeed at rest.
The components of the physical spin sα are then ob-
tained from Sα = Λαβs
β . It is straightforward to see
that sα = {0, s}, and dynamics of the physical spin is
described by the equation
ds
dτ
= γΩ× s. (60)
From Eqs. (52)-(55) with the help of a direct (but rather
lengthy) computation we find the precession velocity
Ω =
e
m
{
−
1
γ
Beff +
1
γ + 1
v̂ ×Eeff
c2
}
−
2
~
{
∆−
γ
γ + 1
v̂
∆ · v̂
c2
}
. (61)
The first term encompasses all possible (electromagnetic,
inertial and gravitational) effects on particle’s spin, and
the second term accounts for the magnetic and electric
dipole effects.
Substituting (56), (57) and (58), we obtain explicitly
Ω =
e
m
{
−
1
γ
B+
1
γ + 1
v̂ ×E
c2
}
− ω +
2γ + 1
γ + 1
v̂ × g
c2
−
2µ′
~
{
B−
v̂ ×E
c2
−
γ
γ + 1
v̂
B · v̂
c2
}
−
2δ′
~
{
E+ v̂ ×B−
γ
γ + 1
v̂
E · v̂
c2
}
. (62)
Alternatively, one can use slightly different formulas by
replacing µ′ and δ′ with the help of the definitions (50).
Taking into account the relation between the proper and
the coordinate time,
d
dτ
= γ
d
dt
, the precession equation
(60) is recast into
ds
dt
= Ω× s. (63)
It is worthwhile to recall that v̂ , E, and B are all
defined with respect to the anholonomic Lorentz frame.
They are related to the fields and velocity in the coor-
dinate frame by means of (34) and (35). For the Earth,
with very good accuracy one can put V =W = 1.
The spin dynamics (62), (63) is consistent in the clas-
sical and quantum pictures. For the quantum fermion
particle, the Foldy-Wouthuysen Hamiltonian yields the
same spin precession angular velocity when the quantum
operators are replaced with the classical observables in
the semi-classical limit.
V. MANIFESTATIONS OF EARTH’S
ROTATION
When particles move in accelerators and storage rings,
it is more convenient to describe their motion relative
detectors. In this case, one should subtract the angular
velocity of the particle revolution from the Ω given by
Eq. (62) and should use the cylindrical or Frenet-Serret
coordinate systems. The description of the spin motion
in the two coordinate systems differ (see Refs. [37, 38]
and references therein).
When the Frenet-Serret coordinates are used, we need
to find the angular velocity of rotation of the unit vector
N̂ =
pi
π
=
v̂
v̂
. (64)
By construction, we have (N̂ · N̂) = 1. This unit vector
determines the direction of the motion. Making use of
(42), a direct computation yields
dN̂
dt
= Ô × N̂ , (65)
where the rotation of the direction is determined by
Ô =
e
mγ
{
−B+
v̂
v̂2
×E
}
−ω +
v̂
v̂2
× g
(
1 +
v̂2
c2
)
. (66)
The dynamics of spin in the Frenet-Serret coordinates
8is determined by the angular velocity
Ω
FS = Ω− Ô
= −
1
γ2 − 1
v̂
c2
×
{ e
m
E+ γg
}
−
2µ′
~
{
B−
v̂ ×E
c2
−
γ
γ + 1
v̂
B · v̂
c2
}
−
2δ′
~
{
E+ v̂ ×B−
γ
γ + 1
v̂
E · v̂
c2
}
. (67)
Making use of (50), we have, equivalently,
Ω
FS = −
γ
γ2 − 1
v̂ × g
c2
+
e
m
(
a−
1
γ2 − 1
)
v̂ × E
c2
− a
e
m
(
B−
γ
γ + 1
v̂
B · v̂
c2
)
− b
e
mc
{
E+ v̂ ×B −
γ
γ + 1
v̂
E · v̂
c2
}
. (68)
Equations (62), (67), and (68) are compatible with corre-
sponding equations in classical electrodynamics (see Refs.
[39–41] and references therein).
It is worthwhile to note that Eqs. (67), (68) can be
compactly re-written in terms of the effective objects:
Ω
FS = −
1
γ2 − 1
e
m
v̂ ×Eeff
c2
−
2
~
{
∆−
γ
γ + 1
v̂
∆ · v̂
c2
}
. (69)
Quite remarkably, the explicit contribution of the
Earth’s rotation −ω disappeared from ΩFS . Neverthe-
less, the effects of rotation are still present implicitly in
the expressions v̂ = v+ω×r and in E = E−(ω×r)×B
(however, notice that B = B).
One can easily understand why the angular velocity of
the spin motion relative to the beam trajectory, ΩFS , is
not equal to Ω−O, where O is defined by
dN
dt
= O ×N , N =
v
v
. (70)
Let us consider the frozen spin ring [42–44] in the
Minkowski frame. In this ring, the angle between the
spin and the tangent line to the particle trajectory is
constant. Therefore, ΩFS = 0. We can now proceed to
the frame which rotates about the vertical axis passing
through the center of the ring. In this frame, the an-
gle between the spin and the tangent line to the particle
trajectory remains constant.
The velocity and spin evolution in the rotating frame
is defined by
dv
dt
= −2ω × v,
dv̂
dt
= −ω × v̂,
ds
dt
= −ω × s. (71)
Equations (71) show that the use of the definition
Ω
FS = Ω − Ô yields the correct value ΩFS = 0, while
the quantity Ω−O is equal to ω and is not applicable to
the description of the spin motion relative to the beam
trajectory. We note the inaccuracy in Ref. [25].
The rotation of the Earth manifested in some exper-
iments with particles and beams [45–48]. For the first
time, the manifestation of Earth’s rotation in such ex-
periments has been discovered by Werner, Staudenmann,
and Colella [45] by means of the neutron interferome-
try. In neutron interference experiments, the period of
particle revolution on a closed path depends on a rota-
tion direction (clockwise or counterclockwise) due to the
Sagnac effect [1] (see also Ref. [49]). This effect is caused
by the rotation of the lab relative to the “immobile” far
stars. The theory of the Sagnac effect is presented in
details in Refs. [49–51]. While the world velocity of the
particle depends on the Earth’s rotation, the measurable
velocity cannot exceed c (see explanations given in Refs.
[52–54]). Some problems connected with the Sagnac ef-
fect have also considered in Refs. [55, 56]. The review of
experiments performed is given in Ref. [57].
One can usually neglect the effects of rotation in stor-
age ring experiments. In particular, they are negligible
in all g-2 experiments. These effects can be of minor im-
portance in storage-ring EDM experiments based on the
frozen spin method. However, the contribution of the
Earth rotation is very important in EDM experiments
with atoms at rest [58] and in some other experiments
with atoms [59–63]. The contribution of the Earth ro-
tation was taken into account to obtain the restrictions
on the hypothetical interactions. In particular, the anal-
ysis of the experimental data [59–63] produced the new
bounds on the spacetime torsion [5]. It is important that
Cartan’s torsion of spacetime couples only to particle’s
spin but not to the orbital angular momentum of a test
particle [64]. If the spacetime torsion is nonzero, the an-
gular velocity of the atom spin precession in the Earth’s
rotating frame is different from −ω.
As a rule, the vectorsΩ and ω are not collinear. When
the vectorΩ is vertically directed (this always takes place
in storage rings), only the vertical component of the an-
gular velocity of the Earth rotation and the radial com-
ponent of the Coriolis acceleration are important. The
contribution of the Earth rotation to the angular fre-
quency of the spin precession is equal to ω sinϕ, where ϕ
is the geographic latitude. For atoms at rest, the horizon-
tal component of ω can imitate the presence of the EDM.
For particles and nuclei in storage rings, this component
may be disregarded because the radial and longitudinal
projections of the angular velocity of the Earth rotation,
ωr and ωφ, are zero on the average.
VI. MANIFESTATIONS OF EARTH’S GRAVITY
Manifestations of the Earth gravity in storage rings
and accelerators have been analyzed in Ref. [25]. How-
ever, this analysis does not take into account an influence
of gravity on electromagnetic interactions. It has been
shown in Sec. II that a non-Minkowskian metric can
9significantly change these interactions. To evaluate the
influence of gravity on electromagnetic interactions, we
can use the result obtained in Ref. [3]. In the squared
Dirac equation, spin effects in electromagnetic interac-
tions are defined by spin-electromagnetic field coupling
of the form σαβFαβ , where Fαβ = e
i
αe
j
βFij is the elec-
tromagnetic field tensor convoluted with a tetrad and
the spin operator σαβ =
i
2
(γαγβ − γβγα) is constructed
from the usual Dirac matrices [3] of the flat Minkowski
space. In the non-inertial reference frame in the presence
of the gravitational field, Fαβ differs from Maxwell’s elec-
tromagnetic field tensor Fij . The difference is encoded
in the tetrad fields.
The inertial and gravitational fields affect the electro-
magnetic fields as a continuous medium with nontriv-
ial polarizability and magnetizability properties. The
Maxwell equations have the usual form
∇×E + B˙ = 0, ∇ ·B = 0, (72)
∇×H − D˙ = J , ∇ ·D = ρ, (73)
where nabla ∇ = {∂a}, the dot denotes the time deriva-
tive, ˙ = ∂/∂t, and J , ρ are the current and charge den-
sities of the sources. The inertial and gravitational in-
fluence is encoded in the constitutive relations between
the electric and magnetic fields E,B and the electric and
magnetic excitations D,H . For the metric of the Earth
(4), with (18) and (19), the constitutive relations read
explicitly:
D = ε0
W
V
[E − (ω × r)×B] , (74)
H =
1
µ0
V
W
B
− ε0
W
V
(ω × r)× [E − (ω × r)×B] . (75)
Here ε0 and µ0 are the electric and magnetic constants
of vacuum (not to confuse the latter with the magnetic
dipole moment!).
One can analyze independently the rotational and
gravitational contributions to the dynamics of particle’s
momentum and spin. The gravitational corrections to
Maxwell’s electrodynamics are extremely small, see (17),
and with a good accuracy we can put V =W = 1 for the
Earth.
The effects of rotation were discussed in the previ-
ous section, and now we specialize to the purely grav-
itational effects. For the Schwarzschild metric in the
isotropic coordinates, Eq. (4) takes the form ds2 =
V 2c2dt2 −W 2(dxa)2, with (18) and (19). In this case,
(34) and (35) reduce to
E =
E
VW
, B =
B
W 2
, v̂ =
W
V
v. (76)
The contribution of electromagnetic interactions to the
particle motion is defined by
F akuk = g
aiFiku
k = −
u0
W 2
(E + v ×B)a . (77)
It is easy to see that in the case under consideration
N = N̂ and O = Ô. It can be checked that
1
W 2
(
B −
v ×E
v2
)
= B −
vˆ ×E
vˆ2
. (78)
The particle motion is defined by Eq. (66). We under-
line that the vector vˆ × g is directed radially.
For particles in accelerators and storage rings, the
Newton-like gravitational force (a relativistic generaliza-
tion of Newton’s force) in the weak-field approximation
is given by [25, 65]
Fg =
2γ2 − 1
γ
mg. (79)
The gravitational force causes a vertical shift of the
particle orbit and is counterbalanced by a force created
by the focusing system. When the magnetic focusing is
used, the latter force is the Lorentz one. Since Fm =
−Fg, the average radial magnetic field reads
Br =
(2γ2 − 1)mg
c
√
γ2 − 1|e|
. (80)
This field determines the spin rotation with the average
angular velocity [25]
Ωm = −
(1 + aγ)(2γ2 − 1)
c2(γ2 − 1)
vˆ × g. (81)
When the electric focusing is used, the gravitational
force (79) gives rise to the vertical electric field
Ez =
(2γ2 − 1)mg
γe
. (82)
The corresponding average angular velocity of the spin
rotation is given by
Ωe = −
2γ2 − 1
c2γ
(
a+
1
γ + 1
)
vˆ × g. (83)
The total effect of the Earth gravity on the spin motion
reads
Ωg +Ωm = −
γ
[
1 + a(2γ2 − 1)
]
c2(γ2 − 1)
vˆ × g, (84)
Ωg +Ωe =
1− a(2γ2 − 1)
c2γ
vˆ × g. (85)
Thus, the total contribution of the Earth gravity is
equal to
Ω
′
g = Ωg +Ωm
and
Ω
′
g = Ωg +Ωe
when one uses the magnetic and the electric focusing,
respectively. One should add Ωe or Ωm to the electro-
magnetic part of Eqs. (62), (67)-(69) or should substitute
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Ω
′
g forΩg into this equation. The additional torques gov-
erning the spin are caused by the corresponding focusing
field and by the geodetic effect (the spin precession in a
gravitational field). These torques leads to the spin ro-
tation about the radial axis [65] which angular velocity
is given by Eqs. (84) and (85).
It is instructive to mention that the change of the con-
stitutive tensor of Maxwellian electrodynamics due to the
Earth rotation is ωc/g ≈ 2200 times greater than the cor-
responding change due to the Earth gravity.
VII. CORRECTIONS FOR THE ROTATION
AND GRAVITY OF THE EARTH IN
HIGH-ENERGY PHYSICS EXPERIMENTS
Let us consider effects of the rotation and gravity of the
Earth in high-energy physics experiments. Evidently, the
resulting equations of motion differ from corresponding
equations in Minkowski frames. To determine effects of
the rotation and the gravity, we need to specify measured
quantities.
As a rule, the magnetic field in high-precision experi-
ments is measured with magnetometers based on the spin
precession of nuclei at rest (see, e.g., Refs. [58–63, 66]).
When the electric field is equal to zero (E = 0), we obtain
v = 0 and E = −(ω×r)×B. If the magnetic field is or-
thogonal to ω×r, the spin precession in a magnetometer
is given by
Ω = −
[
1−
(ω × r)2
c2
]
e(1 + a)B
m
. (86)
In this equation, the inertial and gravitational contribu-
tions which can be taken into account as systematical cor-
rections are omitted and the EDM terms are neglected.
Thus, the correction to the measured magnetic field
caused by Earth’s rotation is nonzero while it is negligible
in contemporary high-energy physics, since (ω×r)2/c2 ∼
10−12. In particular, the precision in the past and
planned muon g-2 experiments is less than 1×10−7. The
correction disappears in experiments with atoms and nu-
clei at rest when the magnetometers based on the spin
precession are used.
A determination of the electric field is based on a mea-
surement of a force acting on a charge at rest (v = 0).
If B = B = 0, the determined electric field does not
substantially differ from E [see Eq. (30)]. This equation
shows the corrections caused by the Newton-like gravita-
tional force, by the inertial centrifugal and Coriolis forces,
and by the non-Maxwellian effects in electrodynamics.
The latter effects are described by the last line in Eq. (30)
and are given by the term u0e(ω×r)
(
E ·(ω×r)
)/
(mc2).
This term is very small and defines a correction of the or-
der of 10−12 to the Coulomb force.
We can now discuss effects of terrestrial rotation and
gravity in the high-energy physics experiments. As an
example, let us consider the g-2 and EDM experiments
performed in storage rings. In the muon EDM exper-
iment fulfilled in the Brookhaven National Laboratory
(BNL) [66], the Lorentz factor of muons rotating in a
uniform magnetic field satisfied the condition
a =
2µ′m
e~
=
1
γ2 − 1
. (87)
Under this condition, the spin precession angular velocity
(68) reduces to
Ω
FS = − a
{
γ
v̂ × g
c2
+
e
m
(
B−
γ
γ + 1
v̂
B · v̂
c2
)}
− b
e
mc
{
E+ v̂ ×B −
γ
γ + 1
v̂
E · v̂
c2
}
. (88)
Equation (88) together with the equations of motion
(29) and (30) shows that the local corrections to the g-2
frequency are of the order of |ω × r|/c ∼ 10−6. Correc-
tions of such an order are not too small and should be
taken into consideration.
A contribution of Earth’s rotation to dynamics of mo-
mentum and spin is defined by nondiagonal components
of the metric taken in any fixed point of a lab, r0, and
by a change of these components inside of the lab. When
one considers a particle in an accelerator or a storage
ring, we have r = r0 + r, where r is the radius vector of
the particle relative to the chosen point of the lab.
A simple analysis demonstrates that terms propor-
tional to r0 average to zero because the average value of v
is zero. Terms proportional to r may be nonzero after av-
eraging but they are usually negligible. For r ∼ 10 m, we
find |ω × r|/c ∼ 10−12. Perhaps it is reasonable to take
into account the above-mentioned terms in some EDM
and other experiments in storage rings. In larger labs
and rings like LHC the effects are enhanced accordingly.
In the planned J-PARC muon g-2 experiment [67], the
condition (87) is not satisfied (p = 300 MeV/c). Never-
theless, all corrections for the rotation and gravity of the
Earth can be neglected.
The cancellation of gravitational corrections is a non-
trivial effect. Nominal order of magnitude of the gravi-
tational corrections is rg/r ∼ 10
−9. Equations (76)-(78)
show that the corrections to the electromagnetic inter-
actions caused by Earth’s gravity are of the same order
of magnitude. The electromagnetic fields governing the
momentum and the spin are, in principle, different. If the
difference between them were not canceled in the expres-
sion for Ω− Ô, the gravitational corrections would be of
the orders of rg/r and rg/(raγ) for the angular frequency
of the spin precession in the Cartesian coordinates and
for the g-2 frequency, respectively. The latter quantity
would be of the order of 0.01÷0.1 ppm for the BNL muon
g-2 experiment and of the order of 0.1 ÷ 1 ppm for the
J-PARC one. However, the gravitational corrections are
canceled.
A part of muon g-2 experiments is a search for the
muon EDM [68]. In principle, the gravitational contri-
bution to the spin precession defined by Eqs. (84) and
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(85) can imitate the presence of the EDM. However, the
corresponding false EDM is very small. In the BNL muon
g-2 experiment, it is of the order of 10−30 e·cm while the
upper limit [68] on the muon EDM is |δ′µ| < 1.9× 10
−19
e·cm. Nevertheless, this effect may not be negligible in
specially designed EDM experiments performed with the
frozen spin method [42]. A calculation shows that the
Earth gravity can produce the same effect as deuteron’s
EDM of δ′ = 1.5 × 10−29 e·cm in the planned dEDM
experiment with magnetic focusing [43]. The effect of
Earth’s gravity manifests in the additional spin rotation
about the radial axis and can be important, because the
expected sensitivity of this experiment [43] is of the same
order. The influence of Earth’s gravity on the angular
velocity of the spin precession in g-2 experiments can be
neglected.
The influence of Earth’s rotation on spin dynamics can
be more important in storage ring EDM experiments
than in g-2 ones. The use of the frozen spin method
makes slow rotations of the spin about the vertical axis
more significant. These rotations are due to the cor-
rections to the constitutive law in the Maxwell-Lorentz
electrodynamics.
Terms proportional to r can contribute to the Sagnac
effect. This effect may be observable for particles and nu-
clei in storage rings. While particles and nuclei pass two
halves of the orbit during different intervals of time, the
main correction proportional to the radius of the Earth
vanishes. However, a smaller correction proportional to
the radius of the ring is nonzero and can be important
in the EDM experiments [69, 70]. Evidently, the above-
mentioned terms change the contribution of Earth’s ro-
tation to the angular velocities of the beam revolution
for clockwise and counterclockwise beams. The angular
frequencies of the spin rotation and the beam revolution
are not conserved when the directions of the magnetic
field and the beam velocity are reversed. If the opposite
directions of rotation are due to the different charges of
particles (say, e+ and e−), this would simulate [25] the
CP -violation caused by Earth’s rotation.
VIII. CONCLUSION
We analyzed the possible effects of the rotation and
gravitational field of the Earth on the particle motion
and the spin evolution. This influence is not negligible
and should be taken into account in high-energy physics
experiments. We studied the manifestations of the in-
ertial and gravitational effects in the framework of the
general-relativistic Dirac theory for a fermion particle
with spin 1/2. In astrophysical context, a similar analysis
was performed for the dynamics of the massive neutrinos
in a non-inertial frame of a rotating background matter
[71, 72] and in anisotropic universes [73, 74].
We have derived for the first time the relativistic Foldy-
Wouthuysen Hamiltonian for the Dirac particle with the
AMM and EDM in the rotating frame and have deter-
mined the electromagnetic fields governing the dynam-
ics of the momentum and the spin of the particle. The
results obtained have been used for the analysis of sys-
tematic corrections due to the terrestrial rotation and
gravity in the g-2 and EDM experiments. In particu-
lar, for the first time we have obtained the equations for
the spin precession when the inertial, gravitational and
electromagnetic fields are present simultaneously. All the
results have been obtained by both classical and quan-
tum mechanical methods and their complete agreement
has been found.
Earth’s rotation gives rise to the Coriolis and the cen-
trifugal forces in the lab frame and also manifests itself
in the additional rotation of the spin and in the change
of the constitutive tensor of Maxwell’s electrodynamics.
The corrections to the motion of the particle and the spin
due to Earth’s rotation are rather small. Bigger correc-
tions are oscillatory and their contributions average to
zero. Other corrections due to the inhomogeneity of the
inertial field are not oscillatory but they are very small
and their consideration may be reasonable only for the
storage ring EDM experiments.
Earth’s gravity manifests in the additional force act-
ing on the particle momentum, in the additional torque
acting on the spin, and in the change of the constitutive
tensor of Maxwell’s electrodynamics. However, so far
there are no observable indications of electromagnetic ef-
fects caused by Earth’s gravity. The additional forces are
the Newton-like force and the reaction force provided by
a focusing system. The additional torques are caused by
the focusing field and by the geodetic effect. In the stor-
age ring EDM experiments, these forces and torques lead
to the additional spin rotation about the radial axis.
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